Four muddy sand sheets occur within a tidal marsh peat at Swantown on the west coast of Whidbey Island, Washington. The two largest sand sheets pinch out about 100 m inland and became thinner and finer-grained landward. All four sand sheets contain marine microfossils and have internal stratification. They record repeated inundation of the marsh over a short time period by distinct pulses of sediment-laden ocean water, consistent with deposition by a tsunami wave train. The layers have been radiocarbon-dated to 1160 -1350, 1400 -1700, 1810 -2060, and 1830 -2120 cal yr B.P. The overlap in age between the two youngest layers and inferred great earthquake events at the Cascadia plate boundary, some 250 km to the west, suggests they were emplaced by tsunamis from this source area. The two older layers do not correlate with plate-boundary events. They may be products of tsunamis caused by earthquakes on local faults in the Strait of Juan de Fuca or by submarine landslides in this area.
INTRODUCTION
Whereas most paleoseismological research in Cascadia has focused on the timing of great plate-boundary earthquakes, it has been increasingly recognized that smaller earthquakes associated with shallow faults in the North America Plate also represent a severe threat to communities in this region (Clague, 1996) . For example, earthquakes on the Seattle and "Legislature" faults caused abrupt land-level changes in southern Puget Sound about 1000 cal yr B.P. (Bucknam et al., 1992; Sherrod, 1999) . The tsunami generated by the Seattle fault earthquake deposited a sand sheet in marshes at Cultus Bay on the south coast of Whidbey Island, and at West Point, Washington (Atwater and Moore, 1992) . In addition, Mathewes and Clague (1994) show that two episodes of abrupt tectonic deformation occurred in the southern Strait of Georgia in the late Holocene.
The faults that caused these land-level changes have not yet been identified, but a number of faults at the eastern end of the Strait of Juan de Fuca (Fig. 1 ) may be implicated. Johnson et al. (1996) suggest that these faults may still be active. As segments of these faults lie beneath the waters of the strait, there may be geological evidence of tsunamis generated by fault ruptures in neighboring low-elevation coastal sites.
Here we report stratigraphic and paleoecologic findings from a tidal marsh on the west coast of Whidbey Island, Washington ( Fig. 1) , where four muddy sand layers were found in the peat underlying the marsh (Fig. 2) .
STUDY SITE
Swantown marsh is located on the west coast of Whidbey Island at the eastern end of Juan de Fuca Strait. The Devil's Mountain, Southern Whidbey Island, and Leech River fault traces lie within 25 km of the site (Fig. 1 ). This part of the coastline faces WNW, along the Strait of Juan de Fuca, so this location is directly exposed to influences from the Pacific Ocean.
The marsh surrounds Swantown Lake, a shallow tidal lake that has developed in the lee of a sandy barrier beach (Fig. 3) . The crest of the barrier beach is approximately 2.5 m above the elevation of the marsh, which is drained by means of a culvert through the barrier. Although road, house, and culvert construction has led to minor modifications of the barrier beach, the shoreline is essentially unchanged from that shown in an 1858 survey (U.S. General Land Office, 1884). A former landowner reports that the marsh was drained and used for cultivation earlier this century (Wes Maylor, personal communication, 1997) . There are no large streams entering the marsh, so the supply of fluvial sediment is very limited. Vibrocores obtained at the site show that the marsh is underlain by up to about 3 m of peat (Fig. 3) .
METHODS
A 1.5-m-long, 2.5-cm-diameter gouge corer was used to map the distribution and stratigraphy of the four muddy sand layers (hereafter referred to as E1-E4). Cores were collected at 10-m intervals along a series of transects, oriented approximately perpendicular to the coastline (Fig. 3) . Samples of layers E1 and E2 (the two most extensive layers) from one transect were retained for laboratory analysis of sand content (calculated as a percentage on a dry-weight basis).
A pit was excavated by spade near core site ST9 (Fig. 3) . Tubers of Scirpus maritimus (seacoast bulrush) from the peat directly below layers E1 and E2 were submitted for AMS dating. Layers E3 and E4 were confined mainly to a narrow strip of marsh directly south of the culvert (Fig. 3) . Samples of these layers were obtained from gouge cores. A tuber of S. maritimus, partially enclosed by layer E3, and a peat sample, from directly below layer E4, were submitted for AMS dating. Samples for diatom and foraminiferal analysis were collected from directly above, within, and below each layer. Processing and analysis of the microfossil assemblages followed standard techniques (Hutchinson et al., 1997; Williams, 1999) .
The elevation of the marsh surface at each core site was measured by surveyor's level, with reference to a nearby U.S. Geological Survey benchmark at 2.6 m above National Geodetic Vertical Datum (NGVD) 1929 (Larry Henke, Island County Surveyor, personal communication, October 1998).
STRATIGRAPHY AND SEDIMENTOLOGY
The distribution and thickness of the four muddy sand layers is shown in Figure 3 . Layer E1 has a maximum thickness of 30 mm near the culvert and thins to the northeast, east, and south, pinching out between 90 and 100 m inland. The distal part of the layer has a discontinuous (patchy) distribution. Layer E2 is the most widespread of the four layers, extending about 230 m south of the culvert. It is thickest south of the culvert (35 mm), thins to the northeast, east, and south, pinches out between 90 and 100 m inland, and has a discontinuous distribution in its distal part. Layer E3 has a more limited areal extent, has a maximum thickness of only 10 mm (to the north of the culvert), and a patchy distribution. The layer pinches out between 50 and 60 m inland. Layer E4 has a very limited distribution and a maximum thickness of only 5 mm; it was found at only four core sites, all within about 10 m of the barrier beach (Fig.  3) .
A stratigraphic profile, based on one of the core transects, illustrates thinning of layers E1 and E2 with distance inland. The peat enclosing the sand sheets is 0.8 -1.5 m thick and grades into muddy peat and then mud and/or muddy sand, interpreted as tidal flat deposits (Fig. 4) . Contacts between the layers and the enclosing peats are generally sharp (top and bottom). Layers E1 and E2 become progressively finer inland, grading from muddy fine-medium sand to mud. Sand content in both layers decreases from 20 -30% at site ST17 (near the barrier beach) to zero at site ST11, 50 m inland (Fig. 5) .
All four layers, in places, display internal stratification in the form of multiple sand-mud couplets. At site ST9, for example, each of three (or possibly four) couplets in layer E2 displays a sharp sandy base grading up through mud, which is in turn capped by brown organic detritus. Layer E1 at site ST9 contains at least three sand-mud couplets (Fig. 6 ). At least two thin sandy laminae, separated by a few mm of muddy organic detritus, were observed in gouge cores from layers E3 and E4. Figure 7 shows the results of the microfossil analyses. With the exception of E4, the peats enclosing the inferred tsunami layers are essentially barren of diatoms. The few diatoms encountered belong to freshwater species with strongly silicified valves (Aulacoseira, Cymbella, Pinnularia, and Eunotia spp.). In the case of E4, the enclosing peats contain a richer and more diverse diatom assemblage. A small proportion (Ͻ10%) of the diatom assemblage in these samples consists of species characteristic of brackish habitats (e.g., Navicula peregrina) or littoral species that are epiphytic on kelp or other seaweeds (e.g., Cocconeis fasciculata and Isthmia nervosa). This suggests that the marsh was under limited tidal influence at the time that E4 was deposited.
MICROFOSSIL ANALYSIS
Samples of the peat from the 2-cm interval directly above and below each layer contained low numbers of the foraminiferal species Jadammina macrescens and Haplophragmoides wilberti (Fig. 7) . These are predominantly high-marsh species that are common throughout this region (Williams, 1999) . These results suggest that the peat was deposited in a lowsalinity marsh or wet meadow environment at or near the elevation of high tides, or that the enclosing barrier beach limited the input of salt water into the marsh. Diatoms may be rare in these deposits due to low productivity or post-mortem dissolution.
The sample from layer E1 contained relatively few diatoms. About 18% of the assemblage consisted of littoral species, including Cocconeis peltoides, Navicula digitoradiata, and Lyrella spp. The remainder of the assemblage included species characteristic of fresh-brackish marshes. A 10 cm 3 sample from layer E1 contained 216 specimens of the foraminifer J. macrescens, characteristic of high-marsh settings.
Layer E2 is much more marine in character than layer E1. More than 95% of the 314 diatom valves in the sample had littoral, mudflat, salt marsh, and brackish marsh affinities. Dominant species include Amphora commutata and N. peregrina, both common members of brackish low marsh/upper mud flat communities, and Caloneis westii, a common species of intertidal mud flats. A 10 cm 3 sample from layer E2 contained 224 specimens of the high-marsh foraminiferal species J. macrescens.
The sample from layer E3 contained 158 diatoms, of which about 10% were marine planktonics (fragments of Coscinodiscus valves) or species characteristic of littoral habitats. Diatoms were less abundant in the sample from E4, but almost 10% of the valves were marine planktonics (Arachnoidiscus ehrenbergii, Thalassiosira spp.), and a further 11% were littoral species. A 10 cm 3 sample from layer E3 contained two specimens of the high-marsh foraminiferal species J. macrescens; a sample from layer E4 contained no foraminifers.
CHRONOLOGY
AMS radiocarbon dating was conducted by Beta Analytic Inc. Ages are reported here as conventional radiocarbon years B.P. (before A.D. 1950) and as a range of calibrated (95% probability range) calendric years. Calibration was by OxCal 3.3 (Bronk Ramsey, 1998), using the INTCAL'98 calibration database of Stuiver et al. (1998) 14 C yr B.P., Beta-135601) was obtained for peat below layer E4 (Table 1) .
The AMS radiocarbon dates provide maximum ages for the time of deposition of the muddy sand layers. Because S. maritimus tubers develop from nodes on rhizomes that lie just beneath the marsh surface, it is assumed that the dated material was derived from plants growing at the marsh surface immediately prior to deposition of the muddy sand layers. Their growth position ensures that they are not reworked from an older deposit.
DISCUSSION
We infer from the stratigraphic and microfossil evidence that the four muddy sand sheets were laid down by landward-directed surges of ocean water. A fluvial origin can be ruled out because the deposits pinch out landward and contain marine microfossils; furthermore, there are no significant fluvial sources entering the marsh. The microfossil analyses indicate that the waters inundating the marsh transported material from offshore, from adjacent mud flats and tidal channels, and from within the marsh itself. Material may also have been transported from higher elevations during ebb flows.
The distribution of the layers is fan-like (Fig. 3) , suggesting that ocean water flooded inland from a point near the present culvert. The geomorphology of the coastline at the time of deposition is unknown; however, the presence of S. maritimus and brackish marsh foraminifers in the peat indicates at least limited tidal influence. The geometry of the deposits suggests the presence of a topographic low or a tidal channel in the vicinity of the modern culvert. Ocean water breached the sand barrier at this point or surged up the tidal channel.
Two mechanisms produce high-energy inundations of lowlying coastal areas by ocean waters, storm surges and tsunamis. One argument against a storm surge origin proposed in other studies of suspected tsunami layers is the relative rarity of these deposits compared to the frequency of storms (e.g., Bobrowsky and Clague, 1991; Meyers et al., 1996; Benson et al., 1997) . Only four muddy sand sheets were found in the upper 1.5 m of peat at Swantown, a frequency that seems very low given the common occurrence of storms in the area. In contrast, tsunamis are relatively rare events, and the low frequency of deposits attributable to marine inundations in the Swantown marsh suggests a tsunami origin. The internal stratification of the sand sheets also supports a tsunami origin (Fig.  6 ). Modern and paleotsunami deposits commonly display multiple fining-up sequences, usually noted as sand-mud couplets, whereas sedimentary structures indicative of prolonged inundation are absent (Darienzo and Peterson, 1990) . At Willapa Bay, for example, Atwater and Yamaguchi (1991) and Atwater and Hemphill-Haley (1997) noted up to six sand-mud couplets in an inferred paleotsunami deposit, and Benson et al. (1997) counted up to three couplets in an inferred paleotsunami deposit on northwestern Vancouver Island. It is tempting to conclude that the sand layers represent the flood phase and the mud laminae the ebb phase, of each of the three or four large waves that commonly comprise a tsunami wave train (Bourgeois and Reinhart, 1989; Dawson et al., 1996; Koshimura et al., 1998) .
In contrast, deposits attributed to storm surges apparently lack sedimentological evidence of distinct inundation pulses. Davis et al. (1989) report paleohurricane storm-surge deposits in Florida tidal marshes that are graded or homogeneous, with no evidence of multiple layers. Goodbred and Hine (1995) documented deposition in tidal marshes resulting from a 3-m storm surge in Waccasassa Bay, Florida, in 1993; up to 2 cm of nearshore sediments were deposited over coastal marshes, but the deposits were massive and lacked internal stratification. Similarly, storm surge deposits in Lake Shelby, Alabama (Liu and Fearn, 1993) and in tidal marshes in northern Brittany (Regnauld et al., 1996) are in all cases massive sand or silt, and they lack evidence of repetitive depositional phases.
Layers E3 and E4 have weaker evidence of internal stratification; they are thin, cover a smaller area, and extend only a short distance inland (Fig. 3) . Although these layers may also record tsunamis, a storm surge origin can not be ruled out. If layers E1 and E2, and possibly E3 and E4, are, as we suggest, tsunami deposits, then what was the source of the tsunami waves? There are four possible source mechanisms: (1) they were generated by distant earthquakes and traveled across the Pacific to this site; (2) they were generated by nearby submarine landslides, which may have been triggered by regional earthquakes; (3) they were generated by local submarine earthquakes; (4) they were generated by great plate-boundary earthquakes at the Cascadia subduction zone.
The possibility that the tsunami deposits at Swantown might be the products of waves generated by distant earthquakes seems unlikely. Although certain coastal morphologies can act to amplify tsunami waves from a distant source, evidence from the 1964 Alaskan earthquake suggests that this is not the case in the eastern Strait of Juan de Fuca. Tide gauge records show that the 1964 Alaskan tsunami generated maximum wave heights at high tide on March 28, 1964 in the eastern Strait of Juan de Fuca of only 0.1-0.3 m (Spaeth and Berkman, 1967) .
Large submarine landslides are known to generate tsunamis. Although it is not unusual for landslides to be triggered by earthquakes, some are aseismic (Plafker and Kachadoorian, 1966; Murty, 1975; Long et al., 1989) . We know of no published reports of large submarine landslides in the eastern Strait of Juan de Fuca; however, this region does contain a large amount of unconsolidated glacial sediment deposited in association with the Vashon ice lobe (Easterbrook, 1969) ; therefore, the possibility that submarine landslides triggered tsunamis in the past can not be ruled out.
Vertical displacement of the floor of Puget Sound during the Seattle Fault earthquake about 1000 years ago generated a local tsunami (Atwater and Moore, 1992) . However, because the coastline at Swantown faces away from the tsunami source area, and layer E1 is apparently older than the Seattle earthquake, we consider it unlikely that layer E1 is a product of this event.
The Southern Whidbey Island fault lies within about 15 km of Swantown marsh. Johnson et al. (1996) documented late Quaternary and historical seismicity on this fault complex and, from comparisons with similar faults in Japan, suggested that the fault is probably capable of generating large (magnitude 7ϩ) earthquakes. Two other major faults (Leech River fault and Devil's Mountain fault) are nearby (Fig. 1) . We are unaware of any documented evidence of Holocene activity on these faults; a possibility remains, however, that one or both faults generated the tsunamis that deposited one or more of the sand sheets.
The estimated ages of layers E1 and E2 correspond to three well-documented great (magnitude Ͼ8) plate-boundary earthquakes at the Cascadia subduction zone. Layer E1 has an estimated age of 1160 -1350 cal yr B.P. This age overlaps with the probable age of plate-boundary earthquakes U (1130 -1350 cal yr B.P.) and W (900 -1300 cal yr B.P.). The age limits of E2 (1400 -1700 cal yr B.P.) overlap the age range of a great plate-boundary earthquake about 1450 -1650 cal yr B.P., designated event S by Atwater and Hemphill-Haley (1997) (Fig.  8) .
A plausible working hypothesis is that layers E1 and E2 are the products of tsunamis generated by plate-boundary earthquakes U or W (E1) and S (E2). Event S ended a millennium of seismic quiescence along the Cascadia subduction zone and is marked by a well-developed buried soil at Willapa Bay (Atwater and Hemphill-Haley, 1997) . It likely produced a very large tsunami; low-elevation coastal lakes between southern Oregon (Nelson et al., 1994) and central Vancouver Island (Hutchinson et al., 2000) display thick tsunami deposits that are almost certainly the products of this event. Event U, which occurred some 300 -400 years after event S, was likely a smaller earthquake, but event W was probably weaker still. It occurred about 100 -200 years after its predecessor, reducing the time for strain buildup on the plate boundary. If E1 is the product of a plate boundary earthquake, then event U is the more likely candidate. The lack of evidence at Swantown for event Y (Fig. 8 ) is problematic. This earthquake was apparently a very large event, likely comparable in magnitude with event S. The entire Cascadia subduction zone appears to have ruptured and the ensuing tsunami left deposits in coastal marshes and lakes from southern Oregon (Nelson et al., 1994) to northern Vancouver Island Benson et al., 1997; Clague et al., 1998; Hutchinson et al., 2000) . This tsunami also produced 1-to 2-m-high waves on the coast of Japan (Satake et al., 1996) .
Hindcasting of tides in the eastern Strait of Juan de Fuca suggests that low neap tides occurred at the predicted arrival time of the event Y tsunami (Mofjeld et al., 1997) . Given numerical simulations of maximum tsunami wave heights of 1-2 m (Ng et al., 1990; Myers et al., 1997) , waves of the event Y tsunami possibly were too small to overtop the beach barrier or surge up a tidal channel during low-tide conditions. The only other feasible explanation is that any deposit left by this tsunami would have lain very close to the marsh surface and was obliterated by cultivation of the marsh earlier this century.
The ages of layers E3 and E4 do not coincide with plateboundary earthquakes. If these layers are tsunami deposits, they must have resulted from tsunamis generated by earthquakes on one or more local faults in the North American Plate and/or tsunamis resulting from nearby submarine landslides, possibly triggered by regional seismic activity.
The ages of layers E3 and E4 coincide with evidence of a large earthquake(s) about 1900 cal yr B.P., recorded at coastal sites in southwestern British Columbia (Fig. 8) . At Serpentine Fen near Vancouver, B.C., evidence of abrupt subsidence can be directly linked to liquefaction features (injected and vented mud) that indicate strong ground shaking and are almost certainly the result of a large earthquake (Mathewes and Clague, 1994) . It is unlikely that this subsidence resulted from a plate boundary earthquake, because these sites are far from the Cascadia subduction zone .
CONCLUSIONS
Our results strongly suggest that two muddy sand sheets in Swantown marsh, dating from about 1160 -1350 and 1400 -1700 cal yr B.P., were deposited by tsunamis. The alternative candidate mechanism, a storm surge, can be ruled out based on the internal stratification of the layers. Two older sand sheets, dating from 1810 -2060 and 1830 -2120 cal yr B.P., may also be tsunami deposits, but evidence supporting a tsunami origin for these layers is weaker and the possibility that they are storm surge deposits cannot be ruled out.
The most likely source for the two younger tsunamis recorded at Swantown are plate-boundary earthquakes at the Cascadia subduction zone. We infer that layer E1 likely resulted from event U or W and that layer E2 is likely a product of event S. Alternatively, these deposits may be the products of earthquakes and/or submarine landslides in the local area that were contemporaneous with these plate-boundary events.
The two older sand sheets, if the result of tsunamis, are not the products of plate boundary earthquakes. One of these deposits may be the result of a tsunami generated by an inferred large earthquake (or series of earthquakes) occurring about 1900 cal yr B.P., which caused subsidence and liquefaction at sites on southern Vancouver Island and near Vancouver, B.C. The other sand sheet presumably records a tsunami caused by another earthquake on a local fault or by a nearby submarine landslide. An alternative explanation-that one or both of these layers are storm surge deposits-cannot be ruled out.
The results of this study suggest that tsunamis stemming from Cascadia earthquakes pose a threat to coastal communities in the eastern Strait of Juan de Fuca. Our findings also raise the possibility that Holocene tsunamis have been generated by earthquakes on local faults other than the Seattle Fault and/or by submarine landslides. Future research in this area should focus on sites preferentially exposed to potential tsunamis from known local faults in the North American Plate and on the identification and dating of submarine landslide deposits in this region.
